Abstract. The O3-NOy relation for a polluted planetary boundary layer is investigated using numerical simulations and observations. Box model runs are carried out to study the sensitivity of the transition value of NOy, which separates the low-NO x and the high-NO x regimes, to changes in emissions and in ambient conditions. It is shown that the transition value of NO v depends on the hydrocarbon and NO x emissions, on water vapor, on radiation, and on temperature. Increasing hydrocarbon emissions, increasing water vapor, increasing radiation, or increasing temperature shifts the transition value to higher levels. One-dimensional simulations, which include vertical mixing and dry deposition, show that increasing dry deposition reduces the transition value of NOy. Sensitivity studies with a three-dimensional nonhydrostatic model system are carried out to investigate the effects of transport. A smoothing procedure is applied to reduce the large scatter of the O3-NOy relation which is found in these cases. After smoothing, a transition value can be identified. For the southwestern part of Germany it is shown that this transition value indicates areas where NOx reduction leads to the most effective ozone reduction. Runs with various scenarios show the dependence of the transition value on emissions and ambient conditions. A normalization procedure is introduced. The normalization procedure is applied to the model results and to observations. Under high-NO x conditions a large difference between the cases with and without advection is found. It shows that in the three-dimensional case the ozone concentration is less sensitive to changes in the NO x emissions than in the case of pure chemistry. 
Introduction
High ozone values during the summer months are still the main air pollution problem in industrialized areas with high population density. Ozone formation in the troposphere shows a nonlinear dependence on the availability of the precursors nitrogen oxides (NOx -NO + NO2) and volatile organic compounds (VOCs). In the real atmosphere, physical processes such as advection, turbulent diffusion, and dry deposition make the situation even more complex [McKeen et al., 1991a] . Temperature, humidity, and radiation, the latter determining the photolysis rate coefficient, have a direct influence on ozone chemistry [Cardelino and Chameides, 1990 ; Sillman and Samson, 1995; Vogel et al., 1995] . Anthropogenic and biogenic emissions of the precursors of ozone vary in space and time. For these reasons, simply using the ratio of the emissions of NOx and VOCs is not sufficient when studying the sensitivity of ozone production [Sillman, 1995a] .
Much progress has been made during the last decades in understanding the basic physical and chemical processes which 
High-and Low-NOx Chemistry
The first concepts for reduction of tropospheric ozone in the planetary boundary layer were based on sensitivity analysis of numerical trajectory models by variation of the emissions of NOx and VOCs for daily ozone maxima. The radical budget was investigated, for example, by examining the sources and sinks of odd hydrogen radicals [Kleinman, 1986; Sillman, 1991 A further approach was published by Kleinman [1991 Kleinman [ , 1994 . He bases his criterion on the relative magnitudes of the rate of radical production (S) and the emission rate of NO x (ENo•.). He found S > ENO x for low-NO• conditions and S < ENo x for high-NO x conditions. In the low NO• state the emitted NOx is removed quickly because there is an excess of free radicals. In the high-NOx state the oxidation capacity is not sufficient to remove all NOx, and the concentration of NOx will increase if no other removal processes (like deposition) exist. It should be mentioned that in this definition there is not a direct relation to the ozone production. Zimmermann and Poppe [1993] also investigated the bifurcation of photochemistry controlled by the strength of the source of NO. They used a simplified reaction system which concentrates on generic aspects of the coupling of HOx and NOx and found an analytic expression for the transition from one state to the other which is in accordance with Kleinman's result. In the following, the O3-NOy relationship considering high-and low-NOx chemistry is investigated. 
Sensitivity Studies With a Box Model
E NO is the emission rate of nitrogen oxide, and f is a constant factor and is equal to one for the base case run. Figure  1 shows the temporal development of the ozone concentration forf: 1, f = 2.5, f = 5, andf = 7. Starting with the base case run, the ozone concentration increases whenf = 2.5; that is, when more NO is emitted. At f = 5 the ozone concentration is lower than in the base case run, and it even decreases from day to day when f = 7. This behavior is well known, and it demonstrates the nonlinearity of photochemistry. For a further evaluation the following procedure is applied to reduce NOy is below the transition value, we call it low-NOx conditions, and when NOy is above the transition value, we call it high-NO x conditions. Since the transition value differs from day to day, it is clear that no universal transition value of NOy exists.
The following sensitivity studies will concentrate on the results for day 2. On this day the maximum ozone levels are comparable to those which are usually observed over central Europe. For day 2 a transition value of about 26 ppb (O3t : 135 ppb) is determined. day 1  day 2  day 3  day 4   I  ,  I  ,  I  ,  I  ,  I 200 - Table 4 ), which is first a sink for ozone, but also a source of radicals. In the low-NOx regime where we have a surplus of radicals the increasing photolysis of 03 results in somewhat lower ozone concentrations. When the NO emissions are high, the enhanced production of radicals becomes important, and more ozone is formed. Compared to the base case run, the transition value of NOy shifts to a higher value in case J2 (28 ppb); however, the peak ozone concentration is only slightly changed. 
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Variation of the Humidity
The concentration of water vapor is in one case decreased from 6.2 to 3.1 g/kg and in another case is increased from 6.2 to 9.3 g/kg to study the influence of humidity on the ozone production and on the transition value of NOy. At the given temperature of 288 K this is related to a change of the relative humidity from 60 to 30% and from 60 to 90%, respectively. 
Summary of the Box Model Runs
The sensitivity studies with the box model have shown that in all cases it was possible to identify a transition value which separates those areas which benefit from a reduction of NO 
One-Dimensional Model Runs
As a first step, the one-dimensional version of the model system is applied. Compared to the box model runs, vertical diffusion and dry deposition are taken into account as additional processes.
For the concentrations the following equation is solved: 
where Vd, i is the deposition velocity. The normalization procedure was also applied to observations which were made in southwest Germany. When the normalized observations were compared with the results of the three-dimensional simulations, the agreement was good. With respect to NO• abatement strategies, our findings allow the following conclusions. The maximum ozone concentration, which can be reached for our area, is determined by the emission situation and the ambient conditions. If we want to reduce this maximum value by reducing NOx emissions, the benefit is rather small as long as the reductions are less than 50%. Nevertheless, for the major part of Baden-Wiirttemberg, low-NO• conditions apply. Consequently, NO• abatement strategies would be favored instead of VOC abatement strategies.
